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ABSTRACT 
The  performance of tungsten,  deposited  from its halides  by 
hydrogen  reduction of hexafluoride  (fluoride  tungsten)  and  hexachloride 
(chloride tungsten), as emi t te rs  of thermionic  converters  was  studied 
in  seven  planar  geometry  converters  with  niobium  collectors  and  inter - 
electrode spacings of 8 f 1/2 mils .   The  parametr ic   data   are   presented 
in  the  form of var iable   cesium  temperature   famil ies   and  cover   an 
emit ter  temperature  range of 1600 to 2000°K. The results show 
that  the  maximum  power  achieved  with  chloride  tungsten  emitters 
a t  a given  emitter  temperature  is   higher  than  that   achieved  with 
fluoride  tungsten  emitters  throughout  the  temperature  range  studied. 
For  example,  at an  emit ter   temperature  of 2000 O K ,  the maxi.mum 
power  achieved  with  chloride  tungsten  emitters is about  twice  that 
achieved with fluoride tungsten emitters. The performance of fluoride 
tungsten  emitters  was  considerably  improved  by  chemical  etching  and 
by the  additional  deposition of a thin  layer of chloride  tungsten on the 
surface of the fluoride tungsten (duplex tungsten). Performance 
stability  was  examined  by  life-testing,  which  indicated  that  per- 
formance is stable  with  respect to t ime  for   tes t   per iods up to 4000 
hours   a t   emit ter   temperatures  up to 2030°K-  
V 
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SUMMARY 
A se r i e s  of thermionic  converters  having  tungsteq,  deposited  from 
its halides  by  the  hydrogen  reduction of hexafluoride  (fluoride  tungsten) 
and  hexachloride  (chloride  tungsten),  as  emitters  was  fabricated  and 
tested.  Specifically,  the emitter materials used were chloride tungsten 
(in three converters), fluoride tungsten (in two converters),  chemically- 
etched  fluoride  tungsten  (in  one  converter),  and  duplex  (chloride  on 
f luoride)  tungsten ( in  one converter) .  The parametr ic  data  cover  
the  emit ter   temperature   range of 1600 to 2000"K, and  the  performance 
comparisons  presented  are   based on variable  cesium  temperature 
current-voltage farnilies. The results show that the maximum power 
achieved  with  chloride  tungsten  emitters at a given  emitter  tempera- 
tu re  is higher  than  that  achieved  with  fluoride  tungsten  emitters 
throughout the temperature range studied. Chemical etching and the 
additional  deposition of a thin  layer of chloride  tungsten on the  surface 
of the  fluoride  tungsten  (duplex  tungsten)  result  in a considerable im- 
provement  in  performance.  Correlation  among  the  degree of crystal  
orientation,  the  cesiated  and  bare  work  functions,  and  the  performance 
of the emitters was observed. Performance stabil i ty was evaluated by 
l ife-testing each converter.  All of the life-tested converters with 
chloride  emitters  and  the  converter  with a duplex  emitter  completed 
4000 hours  of stable  performance;  the  converters  with  f luoride  and 
etched  fluoride  emitters  developed  leaks  after 2400 and 2190  hours, 
respectively. 
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I. INTRODUCTION 
Tungsten  deposited  from its halides  by  hydrogen  reduction of 
hexafluoride  (fluoride  tungsten)  and  hexachloride  (chloride  tungsten) 
has  been  shown  to  exhibit (100) and (1 10)  preferred  crystal   or ientat ion,  
respectively. This technique of emitter production is' of pract ical  
interest   s ince it readily  allows  fabrication of emit ters   in   var ious 
configurations.  Previous investigation (reference 1) has shown 
bare  work  functions as high as 4. 5 eV  for  the  fluoride  tungsten 
and 5. 0 eV for the chloride tungsten, However, there is no systemic 
documentation of their   performance  characterist ics. .  
The  performance of vapor-deposited  tungsten  as a thermionic 
emitter  has  been  investigated  (reference 2 )  in two cylindrical  con- 
verters with niobium collectors and 10-mil spacing. The emitter 
of one  converter  was  chloride  tungsten  which  had a partial   (110) 
crystal   orientation;  the  other  converter  had a fluoride  tungsten 
emitter,  which  had a high  degree of (100)  crystal  orientation. At 
an  emit ter   temperature  of 2070°K and  an  output  current  density of 
12 A/cm , the  former  converter  gave  about 20  percent  higher  power 
density.. Hence, there is  an indication that chloride tungsten emitters 
offer a higher power density than fluoride tungsten emitters. From 
structural  considerations,  however,  chloride tungsten emitters may 
be  less   favorable   because of their  high  rate of grain  growth. 
2 
Chemical  etching as a means of developing a surface  with a 
high  bare  work  function,  and  thus  with  improved  performance,  was 
previously  applied  to  rhenium  emitters  with  satisfactory  results 
( re ference  3 ) .  Its application to a tungsten emitter was first studied 
3 
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by  Wilson  and  Lawrence  (reference 4); the   emit ter   prepared  in   this  
manner  showed  an  unusually  good  initial  performance,  but it degraded 
as the  emitter  was  aged  at  2150 "K. 
The  objective of the  program  reported  herein  was  to   provide 
a more  complete  documentation of performance  and  performance 
stability of vapor-deposited tungsten as the   emi t te r   mater ia l .  A 
se r i e s  of converters  having  vapor-deposited  tungsten  emitters  and 
niobium  collectors  was  fabricated  and  tested  for  the  NASA-Lewis 
Research Laboratory under the program, "Performance Stabil i ty 
of Preferred-Oriented  Vapor-Deposited  Tungsten  Emitters  for 
Thermionic Converters," The emi t te r  mater ia l s  used  in  th i s  se r ies  
of converters  were  chloride  tungsten  (in  three  converters),  fluoride 
tungsten (in two converters),  chemically-etched fluoride tungsten 
(in one converter), and duplex tungsten, a thin  layer of chloride 
tungsten  on  the  surface of fluoride  tungsten  ( in  one  converter) .  
The  performance  comparisons  presented  are   based on var iable  
cesium  temperature   famil ies  of vol tage-ampere  character is t ics  
taken  over   the  emit ter   temperature   range of 1600  to 2000 OK, with 
collector  temperatures  opti.mized  for  maximum  power  output. In 
additi.on,  the  relationship  among  the  degree of crystal   orientation, 
the  cesiated  work  function,  and  the  performance of the  emit ters   was 
examined. Performance stability was evaluated by life-testing each 
converter .  
4 
11. EMITTER  PREPARATION 
The  emitter  material   was  supplied  by  San  Fernando  Laboratories 
and  the  emit ter   s t ructures   were  prepared by Gulf General  Atomic,  Inc. 
( references 5 and 6 ) .  The fabrication procedures discussed below are 
summarized  in  Table 11- 1. 
A. EMITTER  B2-2 
Emit ter  B -2  was  machined  from a fluoride  vapor-deposited 
2 
tungsten disk. The surface of the 0 .  63 inch diameter disk was ground 
to  the  required  44-mil  thickness  with a water-cooled  alundum  wheel; 
it was then outgassed for 200 hours at 2 0 7 0 ° K  in a 10 torr  environ-  
ment. After outgassing, the tungsten disk was diffusion-bonded to a 
Ta-10% W backup  plate  and a hohlraum  was  machned  into  the  plate  by 
means of a flat-bottom drill.  The emitter was then heated for 200 hours  
at 2070 OK, machined  to  the  final  dimensions,  and  given  an  additional 
100 -hour  heat  treatment,  
-6 
B. EMITTER  B6-2 
The preparation of emit ter  B - 2  was  s imilar  to that of B -2  6 2 
except that, before the final heat treatment, the surface was mechanically 
polished  with  1-micron  diamond  paste  and  then  electropolished  in a 10% 
NaOH solution. 
C .  EMITTERS C -2, C -4 and C -5 1 1 1 
Emi t te r  s t ruc tures  C -2, C -4 and C - 5  were fabricated from 
1  1 1 
a single disk of chloride vapor-deposited tungsten.  The emitters 
were  ground  to  the  required  thickness  with a water-cooled  alundum 
wheel,   heat-treated  for 4 hours at 2070 OK, and  machined  to  the  final 
dimensions. The emitting surface was then polished with 1 -micron 
diamond paste and electropolished in a 10% NaOH solution, A heat 
t reatment  at 2070 O K  for  100 hours  completed  the  preparation. 
D- EMITTER C - 3  
3 
h i t t e r  C - 3  employed a composi te   s t ructure;  a subs t ra te  of 
3 
fluoride  vapor-deposited  tungsten  coated  with  nominally 10 mi ls  of 
chloride vapor-deposited tungsten. The preparation of this emitter 
was  the  same as that of the  other   C-ser ies  of emi t te rs -  
E. EMITTER Dl - 1 
Preparat ion of emi t te r  D -1 was similar to that of the B -2  
1 6 
emitter,  with  the  addition of a chemical  etch for 2 hours  in a solution 
of 100 par ts  saturated K Fe(CN) 5 par ts  saturated KOH, and 95 par t s  
3 6' 
H 0 before  the  f inal   heat  treatment.  
2 
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PROCEDURES  USED I N  EMITTER  STRUCTURE  PREPARATION 
r Heat  Treatment Before Machining 
Structure 
Emitter 
Dewipt ion  
Material 
Emitter 'Depomited 
Emitter  Surhce FinIwh Chwmical Tr r tmemt  
Time, Hrm. 
B -2 
2 
200 
200  
alundum wheel. 
Ground rith water coolwd 
alundum wheel, pol1rb.d 
Groond rith water  cooled 
r i t h  1 d c r o n  diunond 
pawte and  then  elcctro- 
polimhed r i t h  lw NaOH 
Back-up 
Fluoride  Vapor 
Emitter Depowited 
Tunamten B -2 6 207  3 1 Ta-1 O+ wt W 
P k t e  
I. Fluoride Vapor 
Emitter Depowited 
Tunamten 
Etched for 2 b u s  i~ 
100 ptw. K ~ F e ( N J ~ .  5 e 
KOH a d  95 ptm. 50 
wolutlo. 
Same a8 emitter B -2 
6 D - 1  2073 200 
Chloride Vapor 
Tuuwten 
Emitter Depomited c -2  
c1 -4 
c l - 5  
207  3 4 Same am emitter B -2 6 
Same am emieer B -2 6 1 1 2073 h i t t e r  Duplex Tungwte 
Back-up 
Plate Ta-1% ut W 
c -3  
3 
4 
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111. EMITTER  CHARACTERIZATION . , 
. .  
Because of the  correlation  between  crystal   plane  orientation 
and  thermionic  emission, it is important  to  determine  the  fraction 
of the  particular  crystal   planes  lying  within a given  angle of the 
bulk surface. Such measurement of the  degree of p re fe r r ed  
orientation is  useful  in  comparing  and  ranking  samples. 
Measurement of the  degree of preferred  or ientat ion  can  be 
made  conveniently  using a conventional  pole  figure  accessory  for 
an  x-ray  diffractometer .  The sample is  located so that the x-ray 
detector  receives  the  beam  diffracted  from  the  particular  plane 
under investigation. The sample surface is then tilted s o  that the 
surface  normal  moves  out of the  plane  formed  by two x- ray   beams 
while it continues to bisect the angle between them. The resulting 
intensity of reflected  x-rays  vs  t i l t   angle CY is then  integrated  cumu- 
latively  to  give a curve  which  represents  the  total   intensity  originating 
f r o m  a crystal plane within the angle CY of the surface,  This curve is 
the  so-called  "pole  figure. i s  
The  pole  figures of all emit ters   used  in   this   program  were 
obtained by Gulf General  A.tomic, Inc. (references 6 and 10)- Figure 
111- 1 shows  the  pole  figures of chloride  vapor-deposited  tungsten 
emitters.  Note that emitter C - 2  has the highest  degree of (110) 
crystal  plane orientation. The pole figures of emi t te r  D -1 and 
B - 2  a r e  shown in Figure 111-2. It is  difficult, however, to compare 
these  pole  f igures,   since  the  treatments of the two surfaces   are   qui te  
different, 
1 
1 
6 
9 
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The  vacuum  work  functions of the emit ters   were  not   measured 
prior  to  the  init iation of testing  due  to  difficulties  encountered  in 
welding  the  tantalum  sleeve  to a heat  treated  Ta- 10% W backup  plate. 
Gulf General  A.tomic  Inc.  carried  out  the  post life test  investigation 
of the  emitter  surfaces,  and  reported  the  bare  work  functions  (refer- 
ence 7)  shown in Table 111-1. 
TA.B L E I11 - 1 
EMITTER BA.RE WORK FUNCTION  MEASUREMENTS 
I Emi tt e r I q Bare, eV 
c1 - 2  
c -4 1 
c1 -5  
c - 3  
3 
5 . 0  
4. 91 
4. 9 1  
4 .  84 
D -1  1 
4 . 7 7  
10 
n. 0 2 4 6 8 IO 12 14 162 
Ti It Angle 8, Degrees 
Figure 111-1. Pole Figure of Spatial Distribution of the (1 10) Axes 
in Emitters c1-2, c1-4, C1-5 and C - 3 .  
3 
Figure 111-2. Pole Figure of Spatial Distribution of the (100) 
Axes  in  Emitters B - 2  and D - 1. 6 1 
IV. EXPERIMENTAL  APPARATUS 
A. CONVERTER 
. .  . 
The  converters  used  in this program  were  designed  pr imari ly  
for life-testing purposes. The converter and associated components 
a r e  shown in Figures IV-1  through IV-3. The emitter structure con- 
s is ted of a vapor-deposited  tungsten  disk  diffusion-bonded  to a 
Ta-10% W backup plate. The emitter structure was electron-beam 
welded  to a tantalum  sleeve,  which  in  turn  was  welded  to  the  niobium 
flange of the  insulating  seal  assembly. 
The  collector  section  was  machined  from a single  piece of 
niobium  and  could  be  considered  in  three  sections:  an  upper  section, 
which  contained  the  collector  surface  and  support; a heater  section, 
which  contained  the  brazed-on  sheathed  tantalum  heaters;  and  the 
lower  or  heat f l u x  section,  in  which  the  capability  for  heat  flux  meas- 
urement was provided. To establ ish the desired 8-mil  interelectrode 
spacing,  the  upper  section of the  collector  was  selectively  machined  to 
match the emitter and seal assembly. The emitter assembly was then 
brazed to the collector section to complete the converter. The actual 
interelectrode  spacing  and  alignment  could  be  measured  from  indicating 
surfaces  on the emitter and collector body. The cesium reservoir 
tubulation  was  brazed  to  the  lower  section of the  collector  structure,  
but is  thermally  isolated  f rom  the  heat  f l u x  section  by  an  annular 
cavity e 
The  emitter  was  heated by electron  bombardment  from a fi lament 
I 
positioned  above  the  backup  plate. A hohlraum  with a diameter  of 
0.040 inch  and  depth-to-diameter  ratio of 7 was  drilled  into  the  backup 
13 
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plate  to  provide  for  optical   pyrometer  temperature  measurements.  
Collector  temperature  was  controlled by  balancing  the  heater  input 
against   the  losses  through  the  heat  choke  section  to  the  water-cooled 
heat sink. A chromel-alumel thermocouple, positioned 0, 12 inch 
below  the  collector  surface,  and two additional  thermocouples  in  the 
heat f l u x  section  were  provided  for  collector  temperature  and  heat 
f lux measurements ,  respect ively,  Cesium reservoir  temperature  
was  controlled  by  balancing  the  heat  input  from  the  tubulation  against 
the  heat  losses  through  the  cold  strap  to  the  heat  sink. 
The  weld  between  the  weld  lip on the  back-up  plate of the  emitter 
structure  and  the  sleeve  caused  considerable  difficulty  during  the 
course of this program. To minimize thermal  s t resses ,  the thickness  
of the  weld  lip  on  both  the  back-up  plate  and  sleeve  was  originally 
se t   a t  0. 007". In o rde r  to establish  the  feasibil i ty of this design, two 
sets  of Ta-10% W dummy  emitters  and  tantalum  sleeves  were  prepared 
for electron-beam welding tests. In the first weld attempt, the sleeve 
was  burned  through  in  several   places,   and  the  second  weld  was  not 
leaktight. The sleeve weld lip thickness was then increased to 0.015 
inches  and  the  length of the  weld  l ip  was  increased  from  0.05  to  0.1 
inch. A third  set  of dummy parts was fabricated and, in this case, 
the  beam  weld  was  leaktight. 
Following  the  successful  welding of dummy  parts,   emitters  A-1 
and  A-2  were  electron-beam  welded  to  the  thicker  tantalum  sleeves 
and subjected to thermal  soak and  thermal  cycle  testing.  These 
emitters  consisted of vapor-deposited  tungsten  diffusion-bonded  to 
Ta-10% W. After a 100-hour soak at 2173°K and 100 thermal cycles 
from  room  temperature  to 2173 OK, the   emit ter   s leeve  assemblies  
14 
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ELECTRIC 
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Figure IV-I. . Schematic of the  Converter. 
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F i g u r e  Iv-2 Converter Assembly. 
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6 9 -  1 ~ . . 6 -  7 4  
. .  
Figure IV-3 Converter Mounted  on Test Station. 
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were leak-tight. It should be noted that neither of these  emitters 
underwent  heat  treatment as recommended  by Gulf General  Atomic 
(200  hours at 2073 OK) prior  to  welding. 
Having  apparently  established  an  adequate  weld  lip  design  and 
adequate welding procedures, General A.tomic emitter B -4 was 
welded to a sleeve,  and  this  structure  was  assembled  into  the 
prototype converter. Prior to welding, emitter B -4 had been 
heat-treated at Gulf General  Atomic  for 200 hours   a t  2073 O K .  During 
the  final  stage of outgassing  the  converter, a leak  developed  near  the 
bottom of the  weld  lip  on  the  emitter  structure  below  the  sleeve-to- 
emitter weld. At that time, it was decided to rebuild the prototype 
1 
1 
converter with heat-treated emitter B -3. The structure was leak- 
tight  after  the  emitter-to-sleeve  weld;  however,  the  converter  again 
developed a leak  during  the  final  outgassing  stage, 
1 
The  emitter  weld  lip  design  was  then  changed  by  increasing  the 
lip thickness from 0 .  007 inch to 0.015 inch, Emitter B -2,  which 
had  the  thicker  lip,  was  welded  to a sleeve  and  assembled  into  the 
prototype converter. Again, this emitter had been heat-treated for 
200 hours at 2073 O K  prior to welding, The converter was successfully 
outgassed and put on test. After 273 hours of operation  in a liquid 
nitrogen-trapped,  oil  diffusion-pumped  vacuum  system  at a p re s su re  
on the order of 4 x 10 mm Hg, the converter developed a leak and 
lost cesium. Examination showed cracks in the emitter back-up plate 
and at the emitter-to-sleeve weld. Photomicrographs showed impurities 
precipitated  along  grain  boundaries  in  the  back-up  plate  and  grain  boundary 
separation. Also, slight amounts of impurit ies were apparent in the 
tantalum  sleeve  near  the  weld  area.  
2 
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In an  effort  to  establish  the  source of contamination,  further 
studies were conducted with emitter B -1. This emitter was heat- 
t reated  for  200 hours at 2173 O K  and  then  cut  in half. Both  halves 
were  electron-beam  welded  to  tantalum  sleeves;   one  half   was main- 
tained  in  the  as-welded  condition,  and the other half was  soaked 
for 100 hours  at 2000 OK in a liquid  nitrogen-trapped,  oil  diffusion- 
pumped vacuum system. During this period, pressure was main- 
tained  between 9 x 10 to 6 x 10 mm Hg. These tests were in- 
conclusive;  metallographic  examination of both  the  as-welded  and 
the  welded  and  heat-treated  sections  showed  no  contamination of 
either the Ta-10% W or tantalum sections. However, there was 
again evidence of grain  boundary  separation  in  the Ta-1070 W 
in:the  heat-treated  emitter  section. 
3 
-6  -6 
Based on repeated  observations of grain  boundary  separation 
due  to  thermal  treatment  and  the  possibility  that  this  resulted  in 
poor  welds,  pre-weld  heat  treatment of the  emitter  structures  was 
discontinued  and  the  sleeve-emitter  structure  was  heat-treated  after 
welding for 100 hours at 2073 O K  in a vac-ion pumped system. This 
change  in  procedure  resulted  in 6 of the  next 7 emitter-to-sleeve 
welds being leaktight. 
B.  VACUUM CHAMBER 
The  converters  were  tested  in  stainless  steel   vacuum  chambers,  
7 .  75  inches in inner diameter and 9 inches high The chambers were 
enc!.osed  with a stainless  steel   water  jacket  to  absorb  the  heat  radiated 
from the converter and electron-bombardment gun. The cooling 
water  system  contained a pressure-sensitive  switch  which  opened 
upon sensing insufficient water pressure. This switch was interlocked 
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with the electron-bombardment gun and  heater  power  supplies,  When 
it openedi all power  was  automatically  cut off, thus  providing a fail- 
safe  arrangement  with  respect  to  the  cooling of the  unit, 
A replaceable  one-inch  Pyrex window  was  used  for  pyrometry 
observations. The window was protected against deposition by a 
nickel  gate,  which  was  pivoted  out of the  line of sight  during  observa- 
tions  with  the  aid of a small magnet- 
The  base  plate  was  made of s ta inless   s teel   p ipe 10 inches  in 
diameter  and 7 inches  high,  and  had  provisions  for  all  necessary 
electrical  and  water  leadthroughs  and  the  rough-down  valve  port. 
All leadthroughs  were of metal-ceramic  construction  and  were 
welded  to  the  base  plate, 
The chamber  was  init ially  mechanically  pumped  to a p r e s s u r e  
level  below 10 microns  and a 100 liter/see  (Ultek)  ion  pump  was 
then used to maintain the nominal 10 mm Hg vacuum required for  
the  experiment. 
-7 
C. ELECTRON  BOMBARDMENT GUN 
T h e  heat  source  for  the  emitter  was  an  electron  bombardment 
gun, supported from the same s t ructure  as the diode. The electron 
gun incorporated a tungsten  f i lament  fabricated  from 0. 030-inch 
diameter  wire .  The electron gun power supply was a self-contained 
unit  and  provided a maximum of 50 amperes   a t  10 volts  ac  to  the 
fi lament;  this current was regulated by a control circuit .  A 
1 .-kilovolt, dc, 750-milliampere Sorensen MD power supply 
proeided the accelerating voltage, It was regulated at il% fo r  
line  voltage  variations,  and  the  output  had  less  than 1% ripple,  
20 
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D. CESIUM RESERVOIR POWER SUPPLY AND TEMPERATURE 
CONTROLLER 
The  power  supply  for  the  cesium  reservoir  heater  consisted of 
an  18-volt,  10-ampere  ac  supply  with a variable-voltage  transformer 
and a stepdown isolation transformer.  The cesium reservoir tempera- 
ture  was  controlled  by a Minneapolis  Honeywell  thermocouple-operated 
controller, which provided time-portioned on-off switching. The con- 
troller  was  equipped  with a temperature-indicating  dial  from  which 
the cesium reservoir  temperature  was read direct ly .  A voltmeter 
and  ammeter  were  provided so that  the  power  input  to  the  heater 
could  be  determined. 
E. COLLECTOR TEMPERATURE CONTROLLER AND POWER 
SUPPLY 
The power  supply  for  the  collector  heater  consisted of a 36-volt, 
10-ampere  ac  supply  with a variable-voltage  transformer  and a step- 
down isolation transformer,  The collector temperature was con- 
trolled  in  the  same  manner as the  cesium  reservoir   temperature .  
F ELAPSED-  TIME  METER 
A n  elapsed-time  meter  which  recorded  the  t ime  during  which 
a converter  in  the  l ife-test   unit   operated  was  also  provided. 
G, CONVERTER LOADING FOR LIFE TESTING 
The  converter  was  loaded  by  means of a power  t ransis tor  
which dissipated the electrical output. The ci.rcuit allowed a 
continuous  variation of converter   load  res is tance  f rom 0. 003  ohm 
to 50 ohms. The load could be programmed to maintain either 
constant  output  current  or  constant  output  voltage  during life- 
testing. 
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H. LOADING AND DATA COLLECTION EQUIPMENT FOR DYNAMIC 
DATA 
The  converter  output  was  obtained  in  the  form of current  density- 
voltage plots on an  x-y  recorder .  The  en t i re  I -V  charac te r i s t ic  was  
swept a t  a rate  greater  than  the  thermal  t ime  constant of the  electrodes. 
This  was  accomplished  by  using a transformer-  ;solated,   half-wave, 
rectified line frequency, sweeping ioad source so  that the character-  
is t ics  were swept  in  a s e r i e s  of 6C Hz pulses.  Because of the l imited 
response t ime of the x-y recorder, the effective sweeping of th.e con- 
verter characteristic had to be slowed to about one sec.ond. A sample- 
and-hold  circuit  driven  at a rate  differing  only slightly f rom 60 Hz 
sampled  the  current  and  voltage  pulses  from  the  converter  and  slowed 
their  effective rate of change, An oscilloscope continuaily monitored 
the  actual  characterist ics  and  provided a continuous  display of the 
behavior of the  converter.  
I. OUTGASSING SYSTEM 
The  outgassing  system  consisted  of a glass  bell   jar ,   evacuated  by a 
100 liter per second ion pump. An 8 l i ter   per  second  ion  pump  and a 
mass spectrometer  outlet  for  evacuation  and  gas  analysis of the con- 
verter volume were also provided. The mass spectrometer (CEC 
Model 21 -61  3-1)  employed a cycloidal-focnssing mass analyzer  to  
separate high molecular weight compounds. An auxiliary 180" con- 
t rol ler   was  used  to   detect   masses   f rom 2 t.o 4. If; had a sensit ivity 
sufficient  to  detect  10  torr of nitrogen. Unit resolution  was 
achieved up to a mass  number  of 150. The en-tlre assembly, including 
the  mass   spectrometer   chamber ,   was  made of metai and was bakable 
up to 250°C. 
-1 1 
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V .  PROCEDURE 
A. CONVERTER OUTGASSING AND GAS ANALYSIS 
’ After  fabrication,  the  converters  were  mow-ted  on a special’ tes t  
stand  which  allowed  mass-spectrometric  gas  analysis  during  the  out- 
gassing.  The  converter  assembly  was  placed  in a bel1 j a r  wh.ich was 
maintained at a vacuum of 10 torr  or  lower by a 100 liter/second ion 
pump. For evacuation and gas analyses, an 8 liter/second ion pump 
and a mass  spectrometer  were  connected  to  the  cesium  tubulation. 
The converter was evacuated to 5. 0 x 1 0  torr  before heating was 
begun. 
-. 6 
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The  mass   spectrometer   was  cal ibrated  with a mixture  of known 
quantities of carbon dioxide, hydrogen, and nitrogen. The analyses @f 
other gases were based upon the calibrated nitrogen sensitivity. Figure 
V - 1  shows a schematic diagram of the calibration system, which was 
designed  to  produce  accurate  results  without  employing  intricate  units 
such as the micromanometer.  Based upon successive expansions of 
minute  quantities of gases,  it   was  capable of delivering  any  desired  gas 
quantity in the range of 1 0  to 1 0  cc  (STP) with an accuracy of 
1 percent. 
-4 - a  
Needle valves S and S were used to  produce the desired pressure 
1 2 
in  chambers C and C The pressure was read accurately from the 
manometer by a cathetometer. The quantity of gas present in 
chamber C was  expanded  into C and C and  chamber C was  then 
isolated by closing valve S Since the volumes of chambers C 
and C had been measured accurately,  the pressure in C co-dd easily D D 
be calculated. Knowing the pressure, volume, and temperature of 
A B’ 
B M D’ D 
5’ B’ ‘M’ 
chamber C the quantity of gas present was specified. 
D? 
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Outgassing of the  converter  was  performed  by  heating  each 
component of the  converter  and  monitoring  the  gases  that  were 
evolved from the surfaces. Appendix A shows  typical  raw  data 
obtained  during  the  various  stages of outgassing of converter D - 1 .  
The reduced data of converter C -2 and D -1 a re  presented  in 
Figures V-2  to V-5 and  the  temperature  history of the  converter 
is presented in Figure V-6 and V-7. As the temperature is in- 
creased, a sharp rise, followed by a subsequent decrease, in the 
pa r t i a l   p re s su re  of various gases i s  observed. The dominant gases 
are hydrogen, carbon monoxide, nitrogen, and argon, Methane, 
water  vapor,  and.carbon  dioxide  are  also  present  but  in  much  lower 
quantit ies- The.mass spectrometric analysis of the other converters 
showed similar results.  
1 
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After the outgassing was completed, the converters were 
cesiated  and  transferred  to  the life test stations;  thermionic  testing 
was then started. 
B. EMITTER  TEMPERATURE  DETERMINATION 
Since  the  emitter  hohlraum  was  located 130 mils above  the 
emitter  surface,   the  temperature  observed  from  the  hohlraum  must 
be  corrected  for  the  temperature  drop  through  the  emitter  disk  to 
obtain  the  true  surface  temperature  required  for  performance  com- 
parisons. To calculate this temperature difference, the thermal 
conductivity of the  emitter  structure materials and  the  magnitude 
of the  heat f l u x  through  the  emitter  must  be  known.  The  thermal 
conductivities  were  obtained  from  recently  published  data  (reference 7) ;  
the  magnitude of the  heat f l u x  through  the  emitter was determined 
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experimentally  by  calorimetric  measurements  in  the  heat  flux  section 
of the collector. The procedure for this evaluation is outlined below. 
1 .  First, the temperature difference in the calorimeter section at 
different  power  inputs  to  the  collector  heater  was  measured. In 
this  measurement,   an  attempt  was  made  to  maintain  the  emitter 
a t   about   the  same  temperature   as   the  col lector   surface  to   avoid 
heat  flows  from  collector  to emitter. 
2. From  the  information  obtained  in  step 1 the  heat  flux (a,) 
flowing  through  the  calorimeter  was  determined  as a function 
of collector heater power (Q ) .  
C 
3 .  The emitter was then heated to the predetermined operating 
temperature. The temperature differences in the calorimeter 
due to electron bombardment power (Q ) and collector heater 
power (Q ) were measured.  
B 
C 
4. From the information obtained in step 3 ,  the heat flux (a,) 
flowing  through  the  calorimeter  due  to  both  electron  bombard- 
ment and the collector heater was obtained. The quantity 
Q, = QT - QH is  the  heat  flux  flowing  through  the  emitte.r  structure 
due to the bombardment. The quantity Q = Q, ". QK is the 
heat loss at the observed h.ohlraum temperature, assuming 
that Q depends only on the emitter temperature and not  on 
the  bombardment  power. 
R 
R 
5. From the information obtained in step 4, the heat flux through 
the  emit ter   a t  a particular  hohlraum  temperature  and  bombard- 
ment power can be calculated. Then the required correction for 
the  surface  temperature of the  emitter  can  be  obtained. 
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At the  initiation of testing of the  converters  using  emitters 
C - 2  and C -4, bright   and  dark  r ings  were  observed at the bottom 
of the  hohlraums.   These  r ings  were  not   observed  in   the  case of 
previously tes ted emit ters  B -2  and B -2. F r o m  a comparison of 
surface  brightness  and  hohlraum  temperatures,  i.t was  concluded 
that  the  observed  hohlraum  temperatures of emi t te rs  C -2  and C -4 
were  significantly  lower  than  the  actual  temperatures,  In order   to  
correct this deficiency, rolled,  sand-blasted tantalum foils were 
inserted  into  the  hohlraums of these  converters ;   fur ther   tes t ing 
showed  that  the  bright  and  dark  rings  disappeared,  and  the  observed 
temperature   was  in  good agreement   with  the  temperature   determined 
from surface br ightness  measurements .  For  the sake of uniformity, 
tantalum  foils  were  then  inserted  into  other  converters  operating at 
the t ime ( D  -1 and C -5). No difference in temperature was observed 
between  measurements  made  before  and  after  the  insertion of the 
tantalum  foil  into  the  hohlraum of these  converters .  
1  1 
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C. PERFORMANCE DATA 
The parametric  data  obtained  were in the f-rm of cesium 
families,  i. e. electrode temperatures were held constant and the 
vol t -ampere  character is t ics   were  recorded  for   several   cesium 
reservoir temperat.ures. The output voltage was measured between 
the  emitter  seal   and  the  collector body, and  was  not  corrected  for 
the voltage drop in the emitter sleeve; 1-8 m V  per amp/cm should 
be  added  to  the  output  voltage  to  convert  to  electrode  voltage. A. 
typical family is shown in Figure V-8. This family s f  I-V curves 
forms an envelope, shown by the dasLC?ci line, representing the 
optimized  performance  with  respect to ces ium  tempera ture-  The 
2 
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remaining variable, the collector temperature, was optimized by 
selecting the temperature giving the highest output power. After 
the  initial  set of parametric  data  was  obtained,  the  converters  were 
l ife-tested at the maximum power point. During the life test, the 
emitter,   collector  and  cesium  reservoir  temperatures  and  the  output 
current were held constant.  The emitter, collector, and cesium 
reservoir  temperature  and  input  and  output  power of the  converter 
were  checked  and  recorded  daily. 
In o r d e r  to more  thoroughly  evaluate  the  overall  performance 
stability, another set of parametric  data  was  obtained  after 3000 
hours of life  testing. 
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Figure V- 1. Schematic of Calibration System 
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F i g u r e  V-5.  P a r t i a l  P r e s s u r e  of Res idua l  Gases  of Conver te r  C - 1  1 
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Figure V-8 Typical  Cesium  Family  and  Envelope 
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VI. EXPENMENTAL RESULTS AND  DISCUSSION 
A. PARAMETRIC DA.TA 
Cesium  families  were  obtained  for  the  converters  near  optimum 
collector  temperature,   over  the  emitter  temperature  range of 1600 to 
2000°K. These famil ies  are  shown in Appendices B and C, and their 
envelopes are shown in Figures VI-1 through VI-7. Each figure 
shows  the  optimized  performance of the  converter  with  respect  to 
cesium  and  collector  temperatures  for  several   emitter  temperatures.  
Data were  not  available  at  all emit ter   temperatures   for   a l l  of the  con- 
ve r t e r s .  The dashed curves, obtained by interpolation at constant 
current   densi ty ,   represent   the  performance of the  converter   a t   the  
emitter  temperatures  to  be  used  for  comparison  among  other  con- 
ve r t e r  s. 
The  optimized  performances of a l l   converters   are   compared  a t  
emit ter  temperatures  of 1600, 1700, 1800, 1900 and 2000 OK in 
Figures  VI-8 through VI-12. As shown in Figures VI-10 to VI-12, 
the performance of chloride tungsten emitters ( C  -2,  C -4, C -5)  
is  higher than that of the fluoride tungsten emitters ( B  -2,  B - 2 )  
over  the temperature  range of 1800 to 2000°K. For example, at an 
emi t te r   t empera ture  of 2000"K, the  maximum  power  achieved  with 
chloride  tungsten  emitters is  about  twice  that  obtained  with  fluoride 
tungsten emitter B - 2 .  
1  1  1 
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The  relative  merit  of emit ters   can  be  evaluated  f rom  the  s lopes 
of their cesium envelopes.. Generally, a steep envelope is  associated 
with  an  emitter  which is  highly  uniform  or  which  requires a low  cesium 
p res su re   fo r  a given emission. Based on the slopes of the envelopes, 
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the emitters can be classified into two maj.or groups. The envelopes 
of the Group 1 emitters, consisting of the chloride tungsten, chemically- 
etched fluoride tungsten, and duplex tungsten emitters (C -2,  C1 -4, 
C -5, D -1, and C - 3 ) ,  show steeper slopes than those of the Group 2 
emitters,  consisting of the fluoride tungsten .emitters ( B  -2  and B -2 ) -  
Group 1 emi t te rs   a re   cons idered  to be superior to Group 2 emit ters ,  
even  though  under  some  particular  conditions  Group 2 emitters  show 
higher output. For example, at T, = 1600 OK and at high voltages, the 
output of emit ter  C - 2  is less than that of B - 2  (F igure  VI-8. Under 
these conditions, the interelectrode spacing of converter C -2 (8. 5 mils) 
i s  less  than  the  optimum  value,  and  the  capabilities of the   sur face   a re  
not fully realized. At T, > 170OoK, where  the  ces ium pressures  a re  
higher and the optimum spacing is smaller, emitter C - 2  shows higher 
performance than emitter B -2  throughout the voltage range of prac t i -  
cal   interest .  At an  emit ter   temperature  of 2000 O K ,  the  maximum 
power achieved with chloride tungsten (emitters C -2,  C -4 and C -5)  
is about  twice  that  obtained  with  fluoride  emitter B -2, 
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The  higher  performance of the  chloride  vapor-deposited  tungsten 
emi t te rs  (C -2,  C -4 and C -5), as. compared with the fluoride vapor- 
deposited  tungsten  emitter ( B  - 2 )  and  the  eleetropolished  fluoride 
vapor-deposited tungsten emitter ( B  - 2 ) ,  is  reasonable, since the 
former  have a (1 10)  and  the  latter a (100) preferred  or ientat ion.   I t  
is interesting  to  note  that  chem'ical  etching  improves  the  perfor.mance 
of fluoride  vapor-deposited  tungsten  emitters  almost  to  the  level of 
chloride vapor-deposited tungsten emitters.  On the other hand, 
electropolishing  reduces  the  performance of fluoride  vapor-deposited 
tungsten  emitters,   as  shown by comparing  the  performances of 
1 1 1 
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emit ters  B -2  and B -2 (Figures  VI- 10 and VI- 1 l ) ,  .. Independent 
experiments  carried  out  at   Thermo  Electron  (references 8 and 9)  . 
have shown that when the surface of a piece of tungsten, such as , . 
this  fluoride material, is  ground  and  heat-treated  at   temperatures 
of about 2600 O K ,  i t   recrystal l izes   and a nearly  randomly  oriented 
surface is  obtained  which  contains  considerable  areas  which  do 
not  have  (100)  orientation  but  which  are  superior  to  (100)  oriented 
areas for thermionic emission. The surface of emitter B - 2  is  
presumably this type of recrystall ized material .  On the other 
hand, electropolishing the surface removes the randomly oriented 
material  and  exposes  material  with a fairly  strong  (100)  orientation. 
In removing  the  non-  (100)  material,  the  thermionic  performance 
is reduced. Another interesting point indicated by this data is that 
the  performance of the  duplex  vapor-deposited  tungsten  emitter 
(C3-3)  is  not as good as  the  performance of the  chloride  tungsten 
emit ters .  This  resul t  is rather surprising, since the surface layer 
of the duplex emitter was deposited by the chloride process. The 
difference  between  the  chloride  emitters  and  the  duplex  emitters 
is  that  the  thickness of the  chloride  layer  in  the  former  was 40 mils,  
as compared to a thickness of about 10 mils in the latter.  It i s  
possible  that  the  difference  in  the  thickness of the  chloride  layer 
is responsible  for  their  difference  in  performance,  and  the  differ- 
ence  in  performance  is   consistent  with  the  difference  in  bare  work 
function. The technique of vapor deposition has not yet reached a 
high  degree of reproducibility,  and  the  above  difference  in  per- 
formance  can  possibly  be  explained by sample-to-sample  variations 
in  orientation. 
2 6 
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The  cesiated  work  functions  estimated  from  cesium families 
a r e  shown in  F igure  VI-13. Emitter C -2, with the highest degree 
of (110) orientation, shows the steepest envelopes and the lowest 
cesiated work functions. Emitter B -2, with a (100) prefer red  
orientation, shows the flattest envelopes and the highest cesiated 
work functions.  These characterist ics are plausible,  since the 
slope of the  envelopes  and  the  cesiated  work  functions  depend  on 
the  cesium  pressure  requ3red  for a given  level of emission,  which 
in  turn is  influenced  by  the  crystallographic  orientation. 
1 
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B. LIFE- TEST RESULTS 
The  converters  were'  life-tested at the  maximum  power  point 
after the initial set of parametric data was taken. The emitter, 
collector  and  cesium  reservoir  temperatures  and  output  power of 
the converter were checked and recorded daily, The life test   data 
for   these  converters   in   terms of power  density  versus  t ime  are 
shown in Figure VI-14 through VI-19- The test  results for each 
converter  are  described  below- 
1, Converter B2-2 
This  was  the  first  converter  which  was  successfully  outgassed 
and  put  on  test;  however, it developed a leak  and  lost  cesium  after 
273 hours of operation. Ekamination showed cracks in the Ta-lO% W 
emitter  back-up  plate  and at the  emitter-to-sleeve  weld.  Photomicro 
graphs  showed  impurities  precipitated  along  grain  boundaries  in  the 
back-up plate and grain boundary separation. Also, slight amounts 
of impurit ies  were  apparent  in  the  tantalum  sleeve.  Attempts  to 
establish  the  source of contamination are discussed  in  Section III. 
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2, Converter Bg-2 
Following  the  acquisition of p re l i~ ina ry   pe r fo rmance   da t a ,   con -  
ver te r  Bg-2 was  life-tested at an emitter temperature  of 191OoK, a 
collector  temperature of 930°K, a cesium  reservoir   temperature  of 
620 OK and  an  output  power  density of 3.94  watts/cm .. The  converter 
failed  after 2400 hours of life testing. During the course of life  testing, 
the  maximum  deviation of power  output  was  about  4.7  percent  from  the 
average value.  The l ife test  data are shown in  Figure VI-14. 
2 
3 ,  Converter C1-2 
This  converter  was  life-tested  after a complete  set of paramet r ic  
data was taken. The life test was interrupted after 3000 hours and a 
second set of parametric data was taken. These two se ts  of data were 
in  good agreement. The life-testing conditions were: emitter tempera- 
tu re  of 2030 OK; collector  temperature of 970 O K ;  ces ium  temperature  of 
610 O K ;  and output power density of 9.. 0 watts/cm , The  life  test  data 
a r e  shown in Figure VI-15. The converter failed after 3480 hours  of 
l ife  test   due to a cesium  leak  in  the  vicinity of the  emitter-to-sleeve 
weld. The maximum deviation of power output duri.ng the life test was 
about 4 percent from the average value. The electron bombardment 
power  supply  unit  used  with  this  converter  failed  several  ti.mes  during 
the  course of the  life  test,  causing  quick  cool-down of the  converter;  
however,  the  performance of the  converter  was  apparently  not  affected, 
2 
4, Converter C -4 
1 
This  converter  was  life-tested  after a complete  set  of paramet r ic  
performance data was taken. Another set of parametric  data  was  also 
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taken after 3000 hours  of l ife test. These two sets of data  were  in 
good agreement. The life-testing conditions were: emitter tempera- 
t u re  of 1950°K;  collector  temperature of 1070°K;  cesium  reservoir 
temperature  of 610 OK; and  output  power  density of 8 watts/cm I The 
life test  data are shown in Figure VI-16. The converter successfully 
achieved 4000 hours  of life-testing, as designated in the contract. The 
maximum  deviation of power  output  during  the  life  test  was  about 
4 percent  from  the  average  value.. 
2 
5. Converter C -5 
1 
Parametric  data  for  this  converter  were  obtained  prior  to  l ife- 
testing and after 3 000 hours  of operation. These two sets  of data 
were in  good agreement The life test conditions were: emitter 
temperature  of 2000 O K ;  collector  temperature of 1070 O K ;  cesium 
reservoir   temperature  of 650 OK; and  output  power  density of 
8.5 watts/cm . The converter successfully achieved 4000 hours 
of life testing. The maximum deviation of power output during 
the life test was about 5 percent   f rom  the  average  value.  The life 
test  data  are  shown  in  Figure  VI-17. 
2 
6. Converter  C2-3 
This  converter  was  life-tested  after a complete  set of para-  
metric data was taken. A se t  of parametric data was again taken 
af ter  3000 hours of l ife  test .   These two se ts  of data  were  in good 
agreement. The life test conditions were: emitter temperature of 
2000 O K ;  collector  temperature of 1070 O K ;  cesium  reservoir   tempera-  
t u re  of 610 O K ;  and output power density of 7. 58 watts/cm . The con- 
verter  successfully  achieved 4000 hours of life  testing.  The  maximum 
2 
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deviation of power  output  during  the life test  was  about 9 percent  
from  the  average  value,  The life test data a re  shown in Figure VI-18. 
7. Converter D - 1  
q .  
1 
After  parametric  data  were  taken, at  emitter temperatures  of 
1600 and 1700"K, the  converter  was  put  on  static  test at an emit ter  
temperature  of 1700 "K and  power  output of 4.2  watts/cm2  for 250 
hours.   The  emitter  temperature  was  then  increased  to 1800 O K  and 
parametric performance data were taken. The converter was then 
operated  at  this emit ter   temperature   for  350 hours  with a power 
output of 5. 1 watts/cm Finally, the converter was life-tested 
at the  following  operating  conditions:  emitter  temperature of 1900 OK; 
collector  temperature of 970°K;  cesium  reservoir  temperature of 
2 
600 O K ;  and output power density of 6 watts/cm . The converter 
failed  after 2190 hours  of operation  due  to a cesium  leak  in  the 
vicinity of the emitter-to-sleeve weld.  The l ife test  data are 
shown in Figure VI-19? As shown, the converter power output 
was  stable  for 1700 hours  and  then  gradually  dropped  off. 
L 
The  drop-off  in  performance  after 1700 hours of operation 
could  have  been  the  result of either  the  leak  which  eventually 
caused  the  test   to  be  terminated  or a change  in  emitter  performance, 
It is  not  possible  to  accurately  establish  the  cause of degrada t~on;  
however,  post-test  evaluation of the  emitter  by Gulf General  Atomic 
(reference 10) showed  that  the  work  function  was  stable  in  vacuum 
for  300 hours  at a temperature  of 1900 O K .  
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VII. CONCLUSIONS 
Performance  data  from  chemically  vapor-deposited  tungsten 
emit ters   in  a se r i e s  of planar  converters  with  niobium  collectors 
and  interelectrode  spacings of 8 f 0 .  5 mils show  that  the  maximum 
power  achieved at a given  emitter  temperature  with  chloride  tungsten 
emi t te rs  is higher  than  that  achieved  with  fluoride  tungsten  emitters. 
For  example,  at an  emit ter   temperature  of 2000 O K ,  the  maximum 
power  aclrieved  with  chloride  tungsten  is  about  twice  that  achieved 
with fluoride tungsten emitters. It was also found that chemical 
etching of fluoride  tungsten  makes a considerable  improvement  in 
its performance, whereas electropolishing reduces the performance 
of ground fluoride emitters. Additional deposition of a thin layer of 
chloride  tungsten on the  surface of fluoride  tungsten  improves its 
performance  almost  to  the  same  level as etched  fluoride  tungsten, 
but not to the level of chloride tungsten. A qualitative  correlation 
was  observed  among  the  degree of orientation,  the  cesiated  work 
functions, and the performances of the emit ters .  Performance 
stability  examined by life  testing  showed  that  performance  is  stable 
with  respect to t ime  for   tes t   per iods up to 4000 hours at emit ter  
temperatures  up to 2030°K.  
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A P P E N D I X  A 
MASS SPECTROMETRIC DATA O F  CONVERTER 
D -1 DURING OUTGASSING 
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Figure A- 1. Background. 
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Figure A-2.  Start of Heating Collector and Cesium Reservoir.  
Figure A-3. Collector Temperature at 4 0 0 ° C  and Cesium Reservoir 
Temperature at 275"  C. 
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Figure A-4.  Collector Temperature at 700°C and Cesium Reservoir 
Temperature at 400" C. 
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Figure A-5. Before Heating Up Emitter.  
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Figure A-6. Emitter Temperature up to 1700" C. 
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Figure A - 7 .  End of Outgassing. 
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Figure A-8 .  Cool Converter After Outgassing. 
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APPENDIX B 
CONVERTER CESIUM TEMPERATURE FAMILIES 
BEFORE  LIFE  TEST 
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Figure B-2 Cesium-Temperature  Family of Converter B -2  
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Figure B-3  Cesium-Temperature Family of Converter B -2  
at T, = 1 9 5 0 ° K  
2 
- 
B- 3 
T H E R M 0  E L E C T R O N  
C O R P O R A T I O N  
68-TR-5-38 
c 
0 .1 .2  .3 .4  .5 .6 .7 .8 .9 1.0 1-1 1.2 
OUTPUT VOLTAGE, Volts 
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Figure B-6. Cesium-Temperature Family of Converter B -2  
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Figure B-7. Cesium-Temperature Family of Converter B -2 6 
at TE 7 1760" K.  
B- 7 
T H R R Y O  R L R C T R O N  
C O R P O R A T I O N  
68-TR-5-34 
0 .1 .2 . 3  . 4  .5 .6 .7 .8  .9 1.0 1.1 1.2 
OUTPUT VOLTAGE, Volts 
Figure B-8. Cesium-Temperature Family of Converter R -2 
a t  TE = 1 9 1 0 ° K .  6 4 
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Figure B-9. Cesium-Temperature Family of Converter C -2 
at TE = 1730" K. 1 
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Figure B-10. Cesium-Temperature Family of Converter C -2 
a t  TE = 1830" K.  1 - 
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Figure B- 11. Cesium-Temperature Family of Converter C -2 1 
a t  T F  = 1930' K. - 
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Figure B-12. Cesium-Temperature  Family of Converter c -2 
at TE = 2 0 3 0 "  K. 1 
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Figure B-15. Cesium-Temperature Family of Converter c -4 
a t   T E  = 1850"  K. 1 /l 
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Figure B-16 Zesiurn-Temperature Family of Converter C -4 
at T, = 1950" K. 1 
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Figure B-17. Cesium-Temperature Family of Converter C -5  
a t  TE = 1600OK. 1 
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Figure B-18. Cesium-Temperature Family of Converter c - 5  
a t  TE = 1 7 0 0 ° K  1 
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Figure B-19. Cesium-Temperature Family of Converter C - 5  
a t  TE = 1 8 0 0 ° K .  1 
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Figure  B-20. Cesium-Temperature Family of Converter C - 5  1 
a t  T, - 1 9 0 0 "  K .  
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Figure B-21. Cesium-Temperature Family of Converter C - 5  1 
a t  TE = 200C" 'K. 
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Figure B-22. Cesium Temperature Family of Converter C - 3  at Tt= 1600°K. 3 
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Figure B-23. Cesium Temperature Family of Converter C - 3  at TE = 1700°K.  
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Figure B-24. Cesium Temperature Family of Converter C -3  at TL = 1800°K.  
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Figure B-25. Cesium Temperature Family of Converter C - 3  at Tg = 1900°K. 3 
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Figure B-26. Ceeium Temperature Family of Converter C - 3  at TI = 2000°K. 3 
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Ficrure B-28. Cesium-Temperature Family of Converter D -1 1 a t  T, = 1 7 0 0 "  K .  
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Figure B-30. Cesium-Temperature Family of Converter D -1 
a t  T, = 1 9 O f l " Y .  1 
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APPENDIX C 
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Figure C-2.  Cesium Temperature Family of Converter C - 2  at Tt = 1700°K.  1 
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Figure C-3 .  Cesium Temperature Family of Converter C1-2  at TE = 1800°K.  
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Figure C-4. Cesium Temperature Family of Converter C - 2  at TI = 1900°K. 1 
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Figure C - 5 .  C e s i u m  Temperature Family of Converter c -2  at T E =  2000°K. 
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Figure C-6.  Cesium Temperature Family of Converter C - 5  at Tg = 1600°K. 
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Figure C - 7 .  C e s i u m  Temperature Family of Converter C - 5  at TE = 1700°K. 1 
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Figure C-10.  Cesium Temperature Family of Converter C - 5  at Tc = 2000'K. 
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Figure C- 1 1 .  Cesium Temper'ature Family of Converter C -4 at Tc = 1650°K.  
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Figure c-12. cesium Temperature Family of Converter c1-4 at TL = 17500K’ 
c -12 
69-TR-6-53 (1-507) 
. .  . . . . .  I 
-1- , . . . .  . .  -. . - 8  1 
. . . .  . . . .  
. ,  . . . . . .  . . .  . , , 
1- . . .  . . .  
. . . , .  . 
. . . .  
. .  . / . : _ . I  
. . . .  , I  
. .  . . " I '  : ' 
. .  . i  
. I .  . . . . . . .  
. I  . . .  ." . 
69-TR-6-54 (1-508) 
36 
3 4  
3 2  
30 
Converter C - 4  
Run 33019 
T, = 1950°K 
T, = 1075°K 
T ,, = Variable 
1 
0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 1.1 1.2 
OUTPUT VOLTAGE, Volts 
Figure C- 14. Cesium Temperature Family of Converter C1 -4 at Tc = 1950°K. 
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'igure C- 15. C e s i u m  Temperature Family of Converter C -3  at Tr = 1600" K. 3 
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Figure c-16. cesium Temperature Family Of Converter c - 3  at Tr = 17000K. 3 
C -16 
36  
3 4  
3 2  
30  
28  
26  
2 4  
2 2  
20 
18 
16 
14 
12  
10 
8 
6 
4 
2 
0 
1" 
69-TR-6-57 (1-511) 
L 
r 
L + - 
c 
E 
0 .1 .2  .3 .4 .5 .6 .7 .8 .9 1.0 1.1 1.2 
OUTPUT VOLTAGE, Volts 
Figure C-17. Cesium Temperature Family of Converter C - 3  at TE =1800"K. 
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Figure C-18. Cesium Temperature Family of Converter C - 3  at Tc = 1900'K. 3 
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